We use static contact angle measurements and near-edge absorption fine structure to elucidate the surface structure and molecular orientation of hydrocarbon-based mechanically assembled monolayers (H-MAMs), structures formed by combination of assembly of alkyl moieties onto flexible elastomeric substrates and mechanical manipulation of the substrates. Specifically, we report that the organization of the grafted molecular array ("liquid"-like vs. solid-like) can be tailored by varying the degree of stretching of the elastomeric substrate. We also show that the H-MAM surfaces exhibit excellent stability.
INTRODUCTION
Tuning the surface characteristics of materials, including lubrication or wetting, has become of paramount interest for a variety of everyday applications. For example, while in some situations surfaces are required to be completely wettable (i.e., the surfaces of metals before paint deposition), in other applications one needs to prevent the surfaces from wetting. Examples of the latter include non-stick layers, marine anti-fouling coatings, surfaces of car windshields or frying pans, etc.
Various experimental techniques, based on either physical of chemical treatment, exist that allow one to modify surface properties of materials. A typical way of adjusting material surfaces is to deposit a self-assembled monolayer (SAM) of silane-or thiol-based molecules on the surfaces of oxides (e.g., silica) or noble metals (e.g., gold), respectively [1] . While simple to perform, this methodology usually produces surfaces, which contain many structural defects [2] . When exposed to polar liquids, such as water, these defect-containing SAMs usually surface reconstruct as the water molecules penetrate through the imperfections in the SAMs. These nondesirable surface reconstruction effects can likely be minimized (or even completely prevented from occurring) by increasing the packing density of the SAMs through increasing the density of the grafting points at the surface. However, tailoring the grafting density of the SAM chains is not an easy task because as mentioned earlier, SAMs are formed through self-assembly processes that are governed by the chemical and structural nature of the SAM molecules as well as the means of their attachment to the substrate.
We have recently developed a method that enables us to control the grafting density of endanchored molecules. Specifically, we demonstrated that the combination of the self-assembly with mechanical manipulation of the grafted molecules on surfaces provides a means of fabricating "mechanically assembled monolayers" (MAMs) [2] . The method for fabricating MAMs made of silane molecules is schematically shown in the upper portion of Figure 1 .
Previously we have shown that MAMs assembled from semifluorinated (SF) molecules form superhydrophobic surfaces with superior long-lasting barrier properties [2] . If the grafting density of the molecules on the surfaces is high, one might fabricate surfaces with very good hydrophobic properties also with MAMs made of hydrocarbon-based silanes, H(CH 2 ) x SiCl 3 (Hx). While the surface energies of the -CH 3 groups are slightly higher than those of the -CF 3 termini, the wetting properties of the Hx-MAMs should approach those of the SF-MAMs at sufficiently high grafting densities. The study of the Hx-MAMs is also exciting from another point of view. It has been known that, as the length of the hydrocarbon molecule increases, the structure of hydrocarbon-based SAMs changes from "liquid"-like to solid-like. Fourier transform infrared measurements revealed that the transition between the two regimes exists somewhere around -(CH 2 ) 12 - [3] . One would expect that in MAMs, the boundary between the liquid-and solid-like characters of the monolayer would depend on the grafting density of the chains at the substrate (or alternatively ∆x).
In this work we present results on forming H-MAMs from hydrocarbon-based silanes, H(CH 2 ) x SiCl 3 (Hx) with x=8 and 16. We show that the molecular order within the H-MAM can be tailored by varying the length of the grafted molecule, the number of molecules on the surface, and the degree of packing. We present preliminary data indicating that signs of "liquid"-to-solid-like transition are detected when the density of liquid-like structure is increased beyond certain critical value. We also show that the H-MAMs possess excellent barrier properties.
EXPERIMENT
We used the elastomer kit Sylgard-184 (Dow Corning Co.) to form poly(dimethyl siloxane) (PDMS) network substrates. The PDMS elastomer network was formed by mixing vinylterminated PDMS with cross-linker (mixing ratio 10:1) containing Pt-based catalyst and reinforcing silica nanoparticles. Thin polymer films (≈0.5 mm) of PDMS network were formed by additional curing the mixture at 65°C for 2 hours and subsequently soxhlet extracted for 48 hours in toluene to remove any uncross-linked low-molecular weight component from the Figure 1 Schematic illustrating the technological steps leading to the production of MAMs. Poly(dimethyl siloxane) (PDMS) is cast into thin (≈0.5 mm) films, cross-linked, uniaxially stretched and exposed to a UV/ozone beam to produce the surface hydrophilic -OH groups. The chlorosilane molecules are deposited from vapor and form an organized SAM on the stretched substrate. Finally, the strain is released from the modified PDMS substrate, which returns to its original size, causing the grafted molecules to form a densely packed MAM. The bottom photographs show the behavior of water droplets on the SAM (left) and MAM (right) surfaces.
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network. The specimens were dried under vacuum (10 -3 Torr) at 60°C for 10 hours and stored under nitrogen atmosphere. The PDMS was cut in small pieces (typically 5x1 cm), uniaxially stretched along the longer side, and exposed to the ultraviolet-ozone (UVO) treatment from one side for 30 minutes (Model 42 UVO device, Jelight Co). Hydrocarbon-based chlorosilanes (H(CH 2 ) x SiCl 3 ) were deposited onto the PDMS-UVO modified substrate under mild vacuum (≈10 -1 Torr) for controlled periods of time. Specifically, two different chlorosilanes were used: n-octyltrichlorosilane (OTS) (x=8) and n-hexadecyltrichlorosilane (HDTS) (x=16). Both organosilanes were purchased from the United Chemical Technologies and were used without further purification. After the silane deposition, the stress was removed from the stretched PDMS substrate, which returned to its original size, causing the grafted molecules to form a densely packed H-MAM.
Contact angle experiments were performed using a contact angle goniometer (model 100-00, Ramé-Hart) equipped with a CCD camera, and analyzed with the Ramé-Hart software. The advancing contact angles were read by injecting 6 µL of probing liquid (deionized water, diiodomethane, and hexane, the latter two purchased from Aldrich and used a received); the receding contact angles were determined by removing 3 µL of probing liquid from the droplet. Each data represents an average over five measurements on the same sample. All values were taken approximately 10 seconds after the drop came in contact with the substrate. We used near edge x-ray absorption fine structure (NEXAFS) to study the chemistry and molecular orientation of the MAMs surfaces. The NEXAFS experiments were carried out on the U7A NIST/Dow Materials Soft X-ray Materials Characterization Facility at the National Synchrotron Light Source at Brookhaven National Laboratory (NSLS BNL). Figure 2 shows the dependence of the contact angles of three probing liquids on the surfaces of H16-MAMs as a function of the PDMS substrate extension, ∆x, and deposition time of the HDTS, τ, for τ equal to: a) 10, b) 20 , c) 30, and d) 60 minutes. We start our discussion with samples at ∆x=0%. The data in Fig. 2 reveals that the contact angles increase with increasing τ, a behavior that is clearly associated with filling the substrate with more alkane molecules. The substrate saturation occurs somewhere between 30 and 60 minutes. It would be hard to predict this saturation time because its value depends on a number of factors, including the geometry of the deposition system, temperature, laboratory humidity. We stress that high reproducibility of data is achieved when all of the above-mentioned parameters are kept unchanged.
RESULTS
At short deposition times, the structures do not possess high degree of order, as revealed by comparing the contact angle values to those expected for a well-organized array of -CH 3 groups (marked with dashed lines in the figure). These surfaces consist of a mixture of -CH 2 -and -CH 3 groups and possible a large number of structural defects. With increasing time there is a clear improvement in the organization of the molecules on the surfaces, however. It was our hope that the organization of the molecules deposited at short times would improve upon application of an external stress.
The data in Figure 2 shows that θ indeed increases with increasing ∆x. The data can be subdivided into two major groups. While for τ=10 and 20 minutes the contact angle increases monotonically as ∆x increases, for τ>10 minutes θ initially increases with increasing ∆x, saturates at ≈50-70% and then decreases. More information about the chain behavior in H16-MAMs can be obtained by looking at the difference between the advancing and receding contact DD10.3. 3 angles, so-called contact angle hysteresis, ∆θ. The data in Fig. 2 indicate that in all cases, ∆θ decreases with increasing ∆x, reaches a minimum and then increases again. Interestingly, the minimum in ∆θ is in accord with the maximum of θ. The results in Figure 2 provide first round information about the packing of H16 in the H16-MAMs. As ∆x increases from 0%, the number of the H16 groups per unit area increases, which in turn results in closer chain packing within the MAM. With further increasing ∆x (beyond approximately 40%) the molecules in the MAM must begin to corrugate as a layer. The latter behavior gives rise to an enhanced molecular roughness and causes the contact angle hysteresis to increase. In independent experiments, we have found that at high strains and longer UVO treatment (>30 min), the released PDMS substrate develops buckles (periodicity ≈µm) oriented perpendicular to the stretching direction [4] . However, the buckling is not detected here because of the rather short UVO treatment time.
We used near-edge absorption fine structure (NEXAFS) to monitor the orientation of the H16 molecules on H16-MAM surfaces [2] . Our preliminary data show that while at ∆x<40%, the hydrocarbon molecules are oriented and on average tilted 20-40°away from the sample normal, at ∆x>40%, the molecular orientation in H16-MAMs disappears. In contrast, we previously reported that the average chain tilt in F8H2-MAMs is still ≈40°even in samples with ∆x≈60%. We attribute this marked difference between the SF-MAMs and H-MAMs to the more rigid nature of the F8H2 molecules relative to the H16 molecule. Recall, that the F8H2 and H16 molecules form 15/7 ("3D") and 2/1 ("2D") helices, respectively.
The study of the Hx-MAMs is exciting from another point of view. As mentioned before, previous studies showed that, as the length of the hydrocarbon molecule increases, the structure of hydrocarbon-based SAMs changes from "liquid"-like to solid-like [3] . The borderline between the two regimes was established to exist at about -(CH 2 ) 12 -. One might expect that in MAMs, the boundary between the liquid-and solid-like character of the monolayer would depend on the grafting density of the chains at the substrate (or alternatively ∆x). We set up experiments aiming at testing this hypothesis. We hoped that if successful, these studies could reveal important information about the nature of the "liquid"-to-solid-like transition. To accomplish our goal, we started studying the behavior of MAMs prepared from OTS. Figure 3 shows the dependence of the contact angles of DI water on H8-MAM substrates as a function of the deposition time of the OTS and the substrate stretch, ∆x. Both advancing (solid circles) and receding (open circles) contact angles are shown. Similar to the H16-MAMs, we see an increase in the contact angle with increasing τ and ∆x. In addition, we also detect the same behavior in contact angle hysteresis. NEXAFS experiments on the H8-MAM samples reveal very interesting information. No chain orientation was detected at ∆x=0% and ∆x>30% at all τ. However, several H8-MAM samples prepared on PDMS-UVO pre-stretched to 0%<∆x<30% and exposed to OTS molecules for τ<30 minutes revealed a non-negligible orientational order within the H8-MAM. Detailed analysis of the NEXAFS data revealed that the chains were tilted on average ≈40-50°away from the sample normal [5] . While more experiments need to be done to confirm these findings, we believe that our results provide important evidence that the "liquid"-to-solid-like transition in alkanes anchored to substrates can be fine tuned by tailoring the molecules packing density.
In our previous work we have established that when exposed to water, self-assembled monolayers usually lose their structural order because of structural defects present [2] . We have shown that in contrast MAMs possess excellent barrier properties in that the contact angles on materials exposed to polar environments, such as water, do not deteriorate dramatically. In addition, we have also demonstrated that the high stability of the MAMs was a results of close chain packing. We have thus performed similar stability experiments on the Hx-MAMs. In Figure 4 we present the results of the contact angle measurements from H8-MAM and H16-MAM as-prepared samples and samples exposed to water for 3 and 7 days. For comparison we also include the results obtained from the F8H2-MAM samples [2] . The data in Figure 4 shows that the surface properties the Hx-MAMs remain very stable even after prolonged exposures to water and their values are similar to those obtained by mechanically assembling the SF moieties. In addition, the stability of the MAMs is much higher than those of SAMs. There is one very important technological implication resulting from our findings presented here. If one can prepare non-stick substrates with long lasting barrier properties from Hx-MAMs (rather than SF- MAMs), the cost of the coating can be dramatically reduced because the price of hydrocarbon compounds is several times lower than that of fluorocarbons.
CONCLUSION
We showed that hydrophobic surfaces can be prepared by combining the self-assembly alkyltrichlorosiloxane molecules with mechanical manipulation of the grafted molecules on flexible surfaces. Our results confirmed that the alkanes in the MAMs are densely packed and that the degree of packing can be controlled by adjusting the strain on the elastic substrate, ∆x. Specifically, we have shown that a "liquid"-to-solid-like transition in the surface-anchored alkanes can be induced by increasing ∆x. We also established that the H-MAM surfaces exhibit long-lasting barrier properties. 
